Merger processes play an important role in galaxy formation and evolution. To study the influence of merger processes on the evolution of dust properties and cosmic star formation rate, we investigate a local sample of major merger galaxies and a control sample of isolated galaxies using GALEX ultraviolet (UV) and Spitzer infrared (IR) images. Through a statistical study, we find that dust attenuation in merger galaxies is enhanced with respect to isolated galaxies. We find this enhancement is contributed mainly by spiral galaxies in spiral-spiral (S-S) pairs, and increases with the increasing stellar mass of a galaxy. Combining the IR and UV parts of star formation rates (SFRs), we then calculated the total SFRs and specific star formation rates (SSFRs). We find the SSFRs to be enhanced in merger galaxies. This enhancement depends on galaxy stellar mass and the companion's morphology, but depends little on whether the galaxy is a primary or secondary component or on the separation between two components. These results are consistent with a previous study based only on IR images. In addition, we investigate the nuclear contributions to SFRs. SFRs in paired galaxies are more concentrated in the central part of the galaxies than in isolate galaxies. Our studies of dust attenuation show that the nuclear parts of pairs most resemble ULIRGs. Including UV data in the present work not only provides reliable information on dust attenuation, but also refines analyses of SFRs.
Introduction
In the hierarchical scenario of galaxy and structure formation, interactions between galaxies and their associated dark matter halos happen frequently (e.g Cole et al. 2000; Wechsler et al. 2002; Li et al. 2007; Freedman Woods et al. 2010 ) and can strongly affect galaxy properties, such as morphology, luminosity, star formation rate (SFR), and dust properties (e.g. Struck 2006; Hwang et al. 2011) . It is therefore quite important to consider the effects of galaxy-galaxy interaction when studying the evolution of galaxies.
If the orbital energy of the two interacting galaxies is low enough, merging of galaxies occurs, and these mergers play a very important role in the formation and evolution of galaxies and their dark matter halos. Simulations show that during the merging process of gas-rich galaxies, the gas flows inward and causes a starburst in the nuclear region (e.g. Toomre & Toomre 1972) . Although mergers are thought to be connected with starburst and AGN activity, the details are still not clear, and several key questions related to mergers still remain to be solved (Mo et al. 2010) .
One of the questions is related to the strong evolution of the cosmic star formation density from z = 0 to z = 1 (e.g. Lilly et al. 1996; Madau et al. 1998; Hopkins 2004; Takeuchi et al. 2005) . This evolution can be caused by a change of merger rate at higher redshift (Zheng et al. 2004; Hammer et al. 2005; Bridge et al. 2007 ). However, this conclusion is objected to in several works, which have found that the merger rate does not evolve much from z ∼ 0 to z ∼ 1 and that the properties that do not strongly affect galaxy morphology should be responsible for the evolution (Flores et al. 1999; Bell et al. 2005; Melbourne et al. 2005; Lotz et al. 2008) .
The discrepancy between these works may be caused by the different methods they applied to selecting mergers (Xu et al. 2010 ). There are two common methods to select merger galaxies, both with advantages and disadvantages. One is to select peculiar galaxies. This method can select galaxies at a late stage of merging to very high redshift with the high-resolution images provided by large telescopes (e.g HST). However, it is uncertain whether all peculiar galaxies are in a merging state, since some of them are isolated galaxies showing irregular star formation regions. The patchy distribution of dust in these regions can strongly affect the light distribution and make this method of identification problematic, especially in ultraviolet (UV) bands (Burgarella et al. 2001) . Another disadvantage of this method is that the signature of the disturbed features becomes harder to detect as one goes deeper in space (Mo et al. 2010; Xu et al. 2010) .
The other method is to select close pairs, assuming that these pairs will ultimately merge within a certain time scale. This method avoids the complex identification of morphological features, and thus is more objective. However, it suffers from biases such as (1) the projection effect, (2) lack of very close pairs owing to the limited resolution of the telescope, (3) lack of less luminous components given a certain magnitude limit ('missing the secondary') (Xu et al. 2004 (Xu et al. , 2010 .
To reduce these biases, Xu et al. (2010) (hereafter Xu10) built a local sample of close pairs selected from near-infrared bands by carefully choosing the selection criteria and presented Spitzer observations for these galaxies. They find an apparent enhancement of star formation rates in mergers and discuss in detail the dependence of the enhancement on morphology, mass, and separation of these galaxies. Their work is less affected by dust extinction than are previous studies based on UV and optical bands (e.g. Barton et al. 2000; Woods et al. 2006; Ellison et al. 2008) , and it has better resolution than previous infrared (IR) works (e.g. Kennicutt et al. 1987; Telesco et al. 1988; Xu & Sulentic 1991) . Compared with Smith et al. (2007) , who looked into interacting features such as bridges and tails in resolved pairs using Spitzer data, Xu10 sampled galaxies with and without strong interacting features.
Xu10's sample provides a good opportunity to study the physical properties of local merger galaxies. One important property is dust attenuation. It changes the spectral energy distribution of a galaxy and is correlated with SFR (e.g Burgarella et al. 2006; Iglesias-Páramo et al. 2006; Garn & Best 2010) . Dust attenuation in major mergers can be quite complex and different from that in isolated galaxies: merging processes can inject gas into a galaxy and enhance the gas content (Hernquist & Barnes 1991; Barnes & Hernquist 1996) , but it can also dissipate gas through hydrodynamic effects (Park & Choi 2009) . Previous works about dust attenuation in merger galaxies are mostly based on theoretical modeling and numerical simulations (e.g. Bekki & Shioya 2000; Goldader et al. 2002) . Hwang et al. (2011) study dust properties using Herschel data, but their work is confined to IR bands. Since dust attenuation of galaxies can be accurately investigated using the fraction of IR to UV luminosity L IR /L UV (e.g. Meurer et al. 1999; Buat et al. 2005; Burgarella et al. 2006; Cortese et al. 2008; Boquien et al. 2012) , we aim to combine UV and IR data to statistically investigate the dust attenuation of major merger galaxies.
The dust attenuation can be calculated without using IR data if the IRX-β relation (relation between L IR /L UV and the slope of UV spectra β) applies. This relation was originally found by Meurer et al. (1999) for starburst galaxies. Later studies show that this relation changes for more quiescent galaxies (e.g. Kong et al. 2004; Cortese et al. 2008; Muñoz-Mateos et al. 2009, etc.) . Recently, Takeuchi et al. (2012) have found that the original IRX-β relation needs to be corrected for the aperture effect. We examine the application of this relation to major merger galaxies in this work.
If dust attenuation in merger galaxies differs from isolated galaxies statistically, Xu10's result for SFRs may be biased because they only used IR data and ignored the effect of unobscured SFRs that can be obtained from UV observations. Takeuchi et al. (2005) have shown that the SFRs indicated by UV emission contribute about 50% of the cosmic star formation density in the local universe, implying that unobscured SFRs are quite important for local galaxies. To give an unbiased view of the SFR, it is necessary to consider both the obscured and unobscured emission from young stars, namely, IR and UV emission (see Buat & Xu 1996; Hirashita et al. 2003; Takeuchi et al. 2010, etc.) . Hancock et al. (2008) studied the UV and mid-IR properties of interacting galaxies, but they only focused on the single case of Arp 82 and its merging features.
In this paper, we investigate the dust attenuation of paired galaxies from Xu10's sample, and re-estimate the SFRs of paired galaxies by combining the IR and UV indicated SFRs. The structure of our paper is as follows. First, we introduce the sample selection and the flux estimation of IR and UV images in Section 2. Then we discuss the results of dust attenuation, the dependence of the attenuation on different parameters, and the IRX-β relation in Section 3. In Section 4 we calculate the SFRs and specific star formation rates (SSFRs) indicated by UV and IR, and compare the results with previous works. The nuclear contributions to SFRs are also discussed. Section 5 is a discussion of the importance of including the unobscured SFRs. Our summary and conclusion are given in Section 6. Throughout this paper, the Λ-cosmology is adopted: Ω m = 0.3, Ω Λ = 0.7, and H 0 = 75 km s −1 Mpc −1 .
Data

Pair selection
The pair and control samples were adopted from Xu10 (Table 1) . The galaxy pairs were selected from cross-matches between the 2MASS K s Extended Source Catalog (XSC; Jarrett et al. 2000) and the galaxy catalog of SDSS-DR3 (Abazajian et al. 2005) . This sample includes all spectroscopically confirmed spiralspiral (S-S) and spiral-elliptical (S-E) pairs in a parent sample that is complete for primaries brighter than K = 12.5 mag, projected separations between 5h −1 kpc and 20h −1 kpc, and mass ratio ≤ 2.5. There are 54 galaxies (27 pairs) and 39 of which are non-AGN spirals. The details of the selection can be found in Xu et al. (2004) , Domingue et al. (2009) , and Xu10.
For each non-AGN spiral galaxy in the pair sample, one isolated galaxy with a similar mass (∆ log M ≤ 0.1) and the closest redshift is matched to it. The isolated galaxies must be non-AGN late type galaxies in the local Universe (z ≤ 0.1) with both IRAC and MIPS data, and have K s band magnitudes less than 13.5 mag. Although there is a difference in redshift between one galaxy in the pair sample and its isolated counterpart, Xu10 have proved that the difference will not introduce any bias using Monte-Carlo simulation.
Previous studies of S-E pairs (e.g de Mello et al. 1996; Domingue et al. 2003) have found that interactions with latetype galaxies can provoke star formation activity in an early-type galaxy. Indeed, there is one elliptical galaxy (J10514368+5101195) in our sample showing significant signs of star formation. However, since the number is small, we focus on spiral galaxies in this study.
Infrared data
Results of Spitzer IRAC and MIPS observations for the paired galaxies are provided by Xu10. The IR luminosity L IR is calculated using the IRAC 8 µm and MIPS 24 µm data:
where L λ = νL ν at λ µm. This estimation is consistent with the one given by Dale et al. (2005) using 24, 70, and 160 µm data (Xu et al. 2010) . The IR data of control galaxies are selected from Spitzer SWIRE fields (34 galaxies) and Spitzer SINGS samples (5 galaxies). The fluxes of galaxies in SWIRE fields are taken from the SWIRE Data Release 2 (Surace et al. 2005) , and the fluxes of galaxies in SINGS sample are taken from Smith et al. (2007) .
Ultraviolet data
Ultraviolet images are taken from the GALEX GR6 database using GALEXVIEW. This database includes FUV and NUV images for 24 of our 27 pairs. These images are shown in Figure  A Comparison between different methods of photometry. Panels (a) and (b) are for paired galaxies. Panels (c) and (d) are for control galaxies. Squares indicate the magnitude difference between manual measurements and GALEX pipeline data, and dots show the difference between aperture measurements and GALEX pipeline data.
1. Manual photometry is applied using an IDL program. This program measures NUV and FUV fluxes for one source simultaneously, and the NUV images are used as the reference to detect sources. One starts the photometry with selecting a region by eye to confine the initial area where the photometry will be carried out. Then the program automatically searches for sources in this region and conducts aperture photometry using a set of elliptical apertures. The total flux density within the aperture is calculated where the growth curve converges. Last, the flux densities are corrected for Galactic extinction using a Schlegel map (Schlegel et al. 1998 ) and the Galactic extinction curve of Cardelli et al. (1989) . A detailed description of this method can be found in Iglesias-Páramo et al. (2006) . This method has been proved reliable by several previous studies (e.g. Iglesias-Páramo et al. 2006; Buat et al. 2007; Takeuchi et al. 2012 ). 2. Classical aperture photometry is applied for pairs in which the components are extremely close to each other such that the manual program may not be able to rule out contamination from one component to the next when searching for the convergence radius ( Figure A.1 ). In addition, classical aperture photometry is also applied to source No.51 (upper right component of pair No.51-52). This galaxy is quite extended. As a result, the manual photometry defines a smaller aperture that covers only about half of the entire source.
We simulated the contamination from one component to the next using stacked light profiles of our S and E galaxies. For round galaxies, we calculated the fluxes of one galaxy with a companion galaxy (measured flux, f m ) and without one (true flux, f t ) in fixed apertures. The value of ( f m − f t )/ f m is shown in Figure 2 . We find for most of our galaxies that the contamination is less than 5%. For the pairs J0211-0039, the contamination is less than 10%. For the pairs J1510+5810 and J1704+3448, the contamination may reach 20%. On average, the contamination causes little error (< 0.025 dex) in our result and does not affect our conclusion.
The results of the NUV and FUV photometry are shown in Table 2 . The different methods of photometry applied to the sources are indicated as 'M' and 'A' for manual and aperture photometry, respectively.
For the control sources, 38 sources are found in the GALEX image database. Manual photometry was applied and the results are shown in Table 3 .
To prove the consistency between these methods, we compared the results of the different methods with GALEX pipeline data ( Figure 1 ). For paired galaxies, the results of manual photometry and aperture photometry are consistent with each other for sources that are separated well from their companion galaxies. Also, the results of both manual and aperture photometry show consistency with pipeline data when the sources are not too close to their companion galaxies and are not very extended. The GALEX pipeline photometry is not preferred because the automatic source extraction may identify extended sources as separate sources (referred to as shredding in Takeuchi et al. (2010)) or mistake a close pair as a single source, and therefore it is less accurate than our method.
Nuclear fluxes
We also measured fluxes within different circular apertures of each galaxy in order to examine the fraction of the integrated emission contributed by the nuclear and near-nuclear regions. For IR bands, IRAC fluxes within 4 kpc and 10 kpc apertures are already given by Xu10 for paired galaxies, so we only need to measure MIPS fluxes and the same apertures for the control galaxies using SWIRE and SINGS images. For UV bands, the fluxes within the same apertures were measured, with the goal of comparing the fraction of the nuclear contribution with the IR Notes.
(1) Category of the paired galaxies. The 'SS' (or 'SE') means the galaxy is in spiral-spiral (or spiral-elliptical) pairs. The '1' (or '2') means the galaxy is the primary (or secondary) component of the pair.
(2) Normalized separation that calculated from Equation 6.
part. Tables 2 and 3 give the results for paired and control galaxies, respectively. The resolutions of GALEX images in the FUV and NUV bands are ∼ 4.3 ′′ and ∼ 5.3 ′′ , while the resolutions of Spitzer images in the 8 and 24 µm bands are ∼ 2 ′′ and ∼ 6 ′′ . For our galaxies, the 4 kpc central region is about 7 ′′ in size, and therefore the central regions of most of our galaxies can be resolved. For a few galaxies with small angular size, the difference in image resolutions may cause some uncertainties. However, it can be seen that the resolutions of GALEX and Spitzer MIPS are very similar. Although IRAC 8 µm has a higher resolution, the weight of 8 µm fluxes is very small when calculating the IR luminosity (Equation (1)). Therefore, the bias caused by the difference in resolutions can be ignored.
Dust attenuation
As mentioned in Section 1, dust attenuation in paired galaxies may be very complex and is usually studied using numerical simulations. Here with both UV and IR data, we can examine whether there is a statistical difference in dust attenuation between pair and isolated galaxies. The attenuation in the FUV band, A FUV , of these galaxies can be calculated using the formula given in Buat et al. (2011) :
where y = log(L IR /L FUV ), L IR is defined in Equation (1), and L FUV is νL ν at the FUV band (1530 Å).
The results for the 39 non-AGN spirals 1 and the control sample are presented in Table 4 . There are several different attenuation measurements in the literature. Although these measurements depend on star formation history, it has been shown that they deviate little from each other: Buat et al. (2011) compared their results with Meurer et al. (1999) and Buat et al. (2005) , and show that the difference between them is at most 0.3 magnitude. The difference between their results and those of Cortese et al. (2008) is small for low dust attenuation, but can reach 0.7 mag for high attenuations. Boquien et al. (2012) also used a fourthorder polynomial to fit the relation, and they show that the difference between their work and others (Burgarella et al. 2006; Cortese et al. 2008; Buat et al. 2011; Hao et al. 2011 ) is smaller than 0.2 magnitude. To assure that using different formulae does not affect our conclusion, we also use Buat et al. (2005) and Cortese et al. (2008) to calculate the dust attenuation, and find our conclusion unchanged. Figure 3 plots the histogram of the distribution of dust attenuation in our pair and control samples. It can be seen that A FUV in paired galaxies has a very different distribution than in the control sample. Quantitatively, the mean A FUV is 2.82±0.24 mag for (1) Fluxes inside 4 kpc aperture.
(2) Fluxes inside 10 kpc aperture.
spirals in the pair sample, whereas it is only 2.20 ± 0.21 mag for the control galaxies. The Kolmogorov-Smirnov (KS) test shows that the possibility of the two distributions being the same is only 0.024. Therefore, the dust attenuation in paired galaxies is not the same as in isolated galaxies. The effect of this difference in computing SSFRs is discussed in Section 4. We now analyze the dependence of dust attenuation on different physical properties for our pair and control samples.
Dependence of dust attenuation on mass
First we examine the dependence of A FUV on the stellar mass of galaxies. The stellar mass is calculated using the 2MASS K sband luminosities (Xu10). We divide the samples into four mass bins using the same bins as Xu10 (see also Section 4). The average A FUV in each mass bin is given in Table 5 and shown in Figure 4 . The general trend for dust attenuation is that it increases as the stellar mass of a galaxy increases until the stellar mass reaches ∼ 10 11 M ⊙ for paired galaxies and ∼ 10 10.5 M ⊙ for isolated galaxies. This correlation between dust attenuation and mass may be due to the correlation between metallicity and dust content . However, in the more massive bins, dust attenuation seems to decrease.
We compared this trend with previous studies. Kauffmann et al. (2003) investigated a sample selected with the SDSS z ′ band and found that dust attenuation reaches a maximum at a stellar mass of 10 10.5 M ⊙ and then decreases as the stellar mass increases. They conclude that when the stellar mass is higher than 10 10.5 M ⊙ , the number of galaxies with old stellar populations rapidly increases, implying that less massive galaxies contain more gas and young stars. A similar Notes.
(1) Fluxes inside 4 kpc aperture.
trend is found for our K -band selected control galaxies. The mass turn-off of paired galaxies appears higher than in control galaxies, implying that merging processes increase the dust attenuation in galaxies. However, the trend can be due to the selection effect as well. Iglesias-Páramo et al. (2006) find that dust attenuation is higher for higher stellar mass galaxies in UV-selected samples, whereas it is lower for higher stellar mass galaxies in IR-selected samples. The trend we find for control galaxies can be explained by the sample being K -band selected and therefore containing both kinds of galaxies. Garn & Best (2010) have investigated a sample of nearby star-forming galaxies and given the dependence of dust attenuation of Hα luminosity A Hα on stellar mass. Using A FUV /A Hα = 1.68 (Meurer et al. 2009 ), we overplot their result in Figure 4 to give a comparison of our result with this more global result derived from a larger sample. Our result is consistent with theirs to within 1σ uncertainty.
In more massive bins, the difference in dust attenuation between the paired and control galaxies becomes larger, implying that more massive galaxies are affected more strongly by merger process.
Dust attenuation in S-S and S-E pairs
In the pair sample, there are 26 spirals in S-S pairs, and nine spirals in S-E pairs. The mean A FUV of spirals is 2.89 ± 0.31 mag in S-S pairs and 2.63 ± 0.30 mag in S-E pairs. The KS test shows that for spirals in S-S pairs the probability that the distribution of dust attenuation is the same as for control galaxies is 0.031, while for spirals in S-E pairs the probability is 0.603. Therefore, the A FUV enhancement is mainly contributed by spirals in S-S pairs. It should be noted that the number of spirals in S-E pairs is small, and may therefore lack statistical significance. More data are needed to investigate whether the SSFRs are enhanced in spirals in S-E pairs.
At high-mass end Figure 5 shows that the average A FUV of spirals in S-S pairs is apparently larger than S-E pairs. This result may indicate that an S-S interaction extends the duration of gas supply and makes massive galaxies able to have rich gas content, while an S-E interaction dissipates gas and makes massive galaxies more gas poor. The decrease in A FUV in S-E pairs presumably reflects that during an interaction with a hot-gas halo in early-type galaxies, late-type galaxies lose cold gas through hydrodynamic effects such as ram pressure stripping, viscous stripping, and thermal evaporation (Park & Choi 2009 ).
An enhancement parameter ǫ(A FUV ) is defined as
The ǫ for paired and control galaxies are plotted in Figure 6 . The enhancement for spirals in S-S pairs increases as the stellar mass of galaxies becomes higher, while the enhancement of spirals in S-E pairs shows the opposite trend. These trends can be quantitatively described by the linear regressions Table 5 . Average A FUV for galaxies in pair and control samples in four different mass bins.
Mass bins
A FUV (mag) pair control S in S-S S in S-E 9.7 < log(M/M ⊙ ) < 10.2 0.97±0.12 1.18±0.20 0.97±0.12 ... 10.2 < log(M/M ⊙ ) < 10.8 2.48±0.53 2.52±0.69 1.91±0.72 3.35±0.17 10.8 < log(M/M ⊙ ) < 11.2 3.37±0.28 2.48±0.30 3.61±0.34 2.76±0.38 11.2 < log(M/M ⊙ ) < 11.6 2.96±0.61 2.02±0.42 3.51±0.71 1.58±0.23 = (−13.92 ± 7.33) + (1.34 ± 0.68
and
The trend for spirals in S-E pairs still needs further tests because, as mentioned above, there are only nine galaxies in this sample so the result may not be representative. In the rest of this section, we focus on spirals in S-S pairs.
Dust attenuation in primaries and secondaries
In our S-S pairs, the mean A FUV of primaries (13 galaxies) is 3.01 ± 0.47 mag, and that of secondaries (13 galaxies) is 2.76 ± 0.41 mag. The difference is within the standard error. The KS test gives 0.828 as the possibility that these two samples are drawn from the same distribution. Figure 7 shows the mean A FUV of primaries and secondaries in each mass bin. No apparent trend is found.
Dust attenuation and separations
A smaller separation between two components of a paired galaxy may indicate a later stage of merging, during which the amount and distribution of dust can be influenced more severely than at an earlier stage. Therefore, the dust attenuation in merger galaxies may depend on the spatial separation between the two components. However, in our sample we find no such dependence (Figure 8) .
We also tested the dependence using the normalized separation parameter SEP defined in Xu10:
where s is the projected separation, and r 1 and r 2 are the K-band Kron radii of the primary and secondary from 2MASS, respectively. s, r 1 , and r 2 have the same units. For round galaxies, when SEP is smaller than 1 the two components will overlap. The SEP=1 is chosen to divide the sample because this value is close to the mean SEP (1.12 ± 0.08) of the whole sample. It also makes our analysis consistent with Xu10 and allows a convenient comparison between our results and theirs. The mean A FUV is 2.64 ±0.39 mag for pairs with SEP greater than 1 (16 galaxies), and 3.36 ± 0.48 mag for pairs with SEP less than 1 (7 galaxies). The difference is within the error. Figure 9 plots the mean A FUV for spirals in S-S pairs with SEP greater than 1 and less than 1 in each mass bin. There is an increase in A FUV for galaxies with SEP greater than 1 when the stellar mass of galaxies increases, while hardly any trend can be seen for galaxies with SEP less than 1. It is possible that the gas content can be enriched at intermediate distances, whereas the situation becomes more complicated when the two galaxies come closer (for instance, increasing SFRs may deplete gas), but this result may be biased by the projection effect. 
IRX-β relation
IRX is the IR to UV ratio. β is the slope of the UV spectrum assuming a power law F λ ∝ λ β , and can be inferred from the difference between the FUV and NUV bands (Kong et al. 2004 ). The IRX-β relation has been intensively discussed in many works. Several formulae have been proposed to represent the relation for different types of galaxies. To name a few, Boissier et al. (2007) , Cortese et al. (2006) , Meurer et al. (1999) , Muñoz-Mateos et al. (2009 ), Overzier et al. (2011 ), Takeuchi et al. (2012 , etc. With FUV, NUV, and IR data, we can examine the IRX-β relation in paired galaxies and in their nuclei. In Figure 10 , we plot IRX versus β for spirals in our pair and control samples, and overplot the relations given by Meurer et al. (1999) , Muñoz-Mateos et al. (2009), and Takeuchi et al. (2012) as comparisons. Meurer's law is only applicable to starburst galaxies. Takeuchi et al. (2012) rederived the relation for the same sample with newer data and corrected for the aperture effect. Muñoz-Mateos et al. (2009) investigated the relation for more quiescent galaxies using a SINGS sample. Figure 10 shows the control galaxies follow these relations closely. In contrast, the locations of the paired galaxies are spread from the region of the quiescent galaxies to the region of Goldader et al. (2002) ultraluminous IR galaxies (ULIRGs). The large scatter for paired galaxies in the IRX-β diagram suggests that interaction complicates the physical processes on dust attenuation. Most of the paired galaxies have a similar location to those found by Jonsson et al. (2006) for luminous mergers using numerical simulations. The positions of the nuclear regions of paired galaxies are similar to those of the ULIRGs in Goldader et al. (2002) . This is consistent with an interaction injecting gas into galaxies, especially in the nuclear regions. The central regions of ULIRGs are more extreme and show the largest deviations from the IRX-β laws. These deviations can be explained by these galaxies, especially the central parts, being strongly obscured by dust. Only a very small fraction of UV light can be detected, and thus IRX has very little correlation with β (Goldader et al. 2002) .
SFRs in merger galaxies
In Section 3, we find that the distributions of dust attenuation in pair and control samples are different and that the attenuation is dependent on morphology and mass. Therefore, the result of Xu10 may be significantly affected by the UV part of SFR that is not included in their analysis. A better way to calculate the SFRs in galaxies is to combine the obscured SFRs and unobscured SFRs (e.g. Takeuchi et al. 2005; Buat et al. 2005; Cortese et al. 2006) . Assuming a constant burst of star formation for 10 8 yr and a Salpeter initial mass function (IMF; Salpeter 1955), Buat et al. (2007) present SFR calibrations using FUV and IR luminosity as follows: Since the IR emission is not only from dust heated by massive young stars, but also from old stars, the contribution of the latter should be removed. The obscured SFRs (SFR dust ) are then given by
Therefore, the total SFRs are given by
where η is the fraction of IR emission by old stars. We use η = 0.3 as suggested by Buat & Xu (1996) . Hirashita et al. (2003) give a higher value of 0.4. Bell (2003) estimated η to be 0.32 ± 0.16 for galaxies with L IR < 10 11 L ⊙ , and 0.09 ± 0.05 for galaxies with L IR > 10 11 L ⊙ . Buat et al. (2011) find an average value of 0.17 ± 0.10 for a sample of star-forming galaxies. It should be stressed that the difference caused by using a different value of η is not significant. Although Bell (2003) gives an apparently lower η for galaxies with L IR > 10 11 L ⊙ , only three galaxies with such high luminosities are included in our sample. Even if η = 0.09 is taken, the total SFRs are at most 0.1 dex greater than the case of η = 0.3, which is within the uncertainty.
For the 39 spirals in pairs and their control galaxies, SFR TOT , SFR FUV , SFR dust , and the fraction of total SFRs contributed by FUV parts are listed in Table 4 . The distributions of the fractions of SFR FUV for paired and control galaxies are quite different ( Figure 11 ; the KS test gives a 0.024 probability that these two distributions are the same). The SFR FUV contributes from several percent to as high as 80 percent, which can be sufficient to affect the distribution of the total SFRs. Figure 12 shows a comparison of histograms of SFRs for the pair and control samples. The histograms show a significant excess of paired galaxies in the high SFR end. There are five galaxies with log(SFR) larger than one in the pair sample, but none in the control sample. The KS test gives 0.049, quite a low value for the null hypothesis that these two samples are drawn from the same population. The mean log(SFR) in pair and control samples are 0.32 ± 0.12 and 0.06 ± 0.07, respectively. In paired galaxies, the contribution from old stars should be less than 0.3 because of the higher star formation activity. Therefore, the SFR in paired galaxies is slightly more than we estimated. That both dust attenuation and SFRs are found enhanced in paired galaxies is consistent with the correlation between SFRs and A FUV found by previous studies (e.g. Brinchmann et al. 2004; Iglesias-Páramo et al. 2004) .
SSFR is the SFR normalized by the stellar mass M: Table 4 lists the results of SSFR TOT (SFR TOT /M) for paired and control galaxies. The total SSFR distributions of pair and control samples are shown in Figure 13 . (Hereafter, we abbreviate SSFR TOT as SSFR.) The two distributions show significant differences from each other. The KS test yields a probability of 0.024 that the two distributions are the same. The mean logSSFR is −10.54 ± 0.11 for the pair sample, and −10.79 ± 0.08 for the isolated control sample. Therefore, the paired galaxies show an apparent enhancement of SFRs and SSFRs. This result is consistent with Xu10's conclusion.
Dependence of SSFR enhancement on mass
The mass dependence of SSFR enhancement is examined following Xu10's method. The galaxies are divided into four groups with different masses (Table 6 ). The average SSFR versus mass of each group is plotted in Figure 14 Our result shows good consistency with their result, which was derived from a more generally selected sample. Figure 14 shows that the more massive galaxies have stronger enhancement of SSFR, implying that massive galaxies affect each other more severely. Xu10 find that the SSFRs of spirals in pairs are nearly constant; however, here a decreasing trend is also found for paired galaxies although not as apparent as for Table 6 . Average SSFRs for pair and control galaxies in four different mass bins. 
The decreasing trends for both control and paired galaxies are shown in Figure 14 . The difference between this result and Xu10's is due to the FUV contribution. The righthand panel of Figure 14 presents the dust-obscured and unobscured parts of SFRs. Although the dust-obscured SSFR (SSFR dust ) is almost constant, the SSFR indicated by FUV (SSFR FUV ) becomes less as the mass increases.
SSFR Enhancement in S-S and S-E pairs
As mentioned in Section 3.2, among our spirals there are 26 spirals in S-S pairs and nine spirals in S-E pairs. Xu10 find that only the SSFRs of spirals in S-S pairs are enhanced. After adding the unobscured SFRs, we found the mean logSSFR of spirals in S-S pairs is −10.41 ± 0.12 and that of spirals in S-E pairs is −10.92 ± 0.22. The KS test shows the possibility of the distributions of SSFRs of spirals in S-S pairs and in their control galaxies are drawn from the same sample is 0.031, and the possibility is 0.957 for spirals in S-E pairs, consistent with Xu10's result. Figure 15 shows the mass dependence of SSFR for spirals in S-S and S-E pairs. Spirals in S-S pairs follow the trend described by Equation (12). On the other hand, the SSFRs of spirals in S-E pairs show no dependence on mass. The righthand panel of Figure 15 presents the SSFR FUV and SSFR dust for S-S and S-E pairs. For spirals in S-S pairs, the average contribution of SSFR FUV becomes lower at higher mass, implying heavier dust attenuation. For spirals in S-E pairs, neither the SSFR FUV nor SSFR dust has an apparent dependence on mass.
As defined by Xu10, the SSFR enhancement indicator ǫ is ǫ = log SSFR PAIR−S − log SSFR control .
The dependence of ǫ on mass is plotted in Figure 16 . Galaxies in S-S pairs show a clear trend of increasing ǫ with increasing mass. The correlation between the enhancement in S-S pairs and the stellar mass of galaxies is found to be < ǫ > S+S = (0.01 ± 0.08)
which is consistent with Xu10's result within the uncertainties. On the other hand, the ǫ of spirals in S-E pairs depends little on mass.
The SSFR FUV and SSFR dust for spirals in S-S and S-E pairs are also plotted in Figure 16 . The SSFR dust of spirals in S-S pairs has an increasing enhancement as the mass of galaxies increases. However, the SSFR FUV of spirals in S-S pairs does not show this trend.
SSFRs in primaries and secondaries
Woods & Geller (2007) and Ellison et al. (2008) have found that secondary components of paired galaxies show stronger enhancements than primary components. Xu10 argue that there is no significant difference between the mean SSFR of primaries and secondaries in any of the mass bins they studied. Here we check the total SSFRs in primaries and secondaries in paired galaxies and in their counterparts in the control sample. The mean logSSFRs of primaries is −10.53 ± 0.20, and that of secondaries is −10.30 ± 0.13. Although the secondaries have higher average SSFRs the difference is within the standard error. The KS test for the primaries and secondaries gives a probability of 0.226, so it is hard to conclude whether the distributions are different or not.
The mass dependence of the SSFRs of primaries and secondaries is also examined (Figure 17) . It seems the secondaries have higher SSFRs in more massive bins, but the difference is not significant. No significant difference is found between the primaries and secondaries in each mass bin for SSFR FUV or SSFR dust .
Enhancement in one or two components
KS tests for the secondaries and control galaxies and for the primaries and control sample give probabilities of 0.098 and 0.190, respectively, indicating that both primaries and secondaries in the paired galaxy sample are distributed differently from the control sample.
Holmberg found that in galaxy pairs the two components tend to have similar colors, which implies a sign of co-evolution of the two components (Holmberg 1958) . Xu10 examined the Holmberg effect by comparing the SSFRs of the two components in ten massive S-S galaxies. Here we also examine the Holmberg effect in the two components of nine massive galaxy pairs (log(M/M ⊙ ) > 10.7). Massive pairs are examined because only these pairs show an apparent enhancement of SSFRs, which indicates the merging influence on each component. Figure 18 shows that there is concordance of the two components. The correlation coefficient r is 0.457 for the two components in galaxy pairs, and is 0.007 for their counterparts in the control sample. Although the correlation between the two components for galaxy pairs is less tight than Xu10's result (r = 0.58), our result still shows a certain level of co-evolution for the two components in pairs. Figure 19 shows the scatter plot of SSFRs versus the separations. Hardly any trend can be seen. As in Section 3.4, the average property is also investigated by separating the spirals in S-S pairs into two groups: one with SEP greater than 1, and the other with SEP less than 1. The mean logSSFR for paired galaxies with SEP greater than 1 is −10.38 ± 0.15, and for those with SEP less than 1 it is −10.49 ± 0.22. No significant difference is found in the distributions of the two groups (KS test gives 0.802 as the probability that the two distributions are drawn from the same population). galaxies for these two groups in each mass bin as well as for their obscured and unobscured parts. No systematic trend is found except that the unobscured SSFRs for pairs with SEP larger than 1 seem to decrease as the mass increases. Although previous studies (e.g. Xu & Sulentic 1991; Barton et al. 2000; Lambas et al. 2003, etc.) conclude that paired galaxies with separation 20h
SSFRs and separations
kpc have stronger enhancement of SFRs than those with separation 20h −1 kpc, the separation does not seem to be a determining parameter of star formation activity for mergers with separation 20h −1 kpc. The outcome can be affected by several conflicting factors. As Xu10 suggest, galaxies with smaller separations may undergo gas depletion due to prolonged star for- mation activity at the place where the two galaxies overlapped. Also, the projection effect may confuse efforts to probe the actual dependence on the true 3D separations.
SFRs in nuclear regions
From Tables 2 and 3, the SFRs inside 4 kpc and 10 kpc are derived. The nuclear contributions to unobscured SFRs (SFR FUV ), obscured SFRs (SFR dust ) and their combination are all plotted in Figure 21 . The median nuclear contribution of the SFR FUV is 15% for paired galaxies and 6% for control ones. The difference becomes even greater for the SFR dust : the average nuclear contribution of SFR dust reaches 33% for paired galaxies, while it becomes 5% for control ones. For the combination of the two parts, the nuclear contribution is 30% for paired galaxies, and is 5% for the control ones. These results are consistent with the theory that a starburst is triggered in the center of galaxies because of the gas inflow induced by the interaction. Our result is larger compared to the Kennicutt et al. (1987) and Kennicutt & Kent (1983) results derived from Hα images (in which the central regions contributes 13% and 4%). This may be due to the different aperture size: Kennicutt et al. (1987) used an aperture size of 4.7 ′′ , while we used 4 kpc, which corresponds to an average aperture size of ∼ 9
′′ for the pair sample and ∼ 7 ′′ for the control sample.
The importance of including the SSFR FUV
Our results for SSFRs basically agree with the conclusions generated by Xu10, but our findings on dust attenuation in pair and control samples are not similar, as we have shown in Sections 3 and 4. From Table 4 , we can see that in spite of some galaxies having contributions of SSFR FUV over 50%, the average contributions of SSFR FUV are 17.1%±3.1% and 22.7%±3.1% for pair and control samples, respectively. On average, the SSFR FUV contributes much less to the total SSFR than the SSFR dust . The average contribution of the SSFR FUV calculated here is less than the mean value given by Takeuchi et al. (2005) because our sample is near-IR/optical-selected, while their sample is more general and includes objects such as small galaxies with luminous UV emission. Also, their analysis is based on luminosity functions, and therefore volume corrections are accounted for and cannot be compared easily to individual groups. The average SSFR is −10.54 ± 0.11 in our study, which is very close to what is obtained by Xu10 (−10.50 ± 0.10). The cosmic star formation density contributed by spirals in paired galaxies is 2.0×10
Mpc −3 (the spiral fraction is kindly provided by C.K. Xu, private communication) , which is consistent with Xu10's result of 2.54×10 −4 M ⊙ yr −1 Mpc −3 . By including SSFR FUV , we find similar conclusion to the one in Xu10 that, as the stellar mass of galaxies increases, the enhancement also increases. Our studies of companion morphologies, primaries and secondaries, the Holmberg effect, and the dependence of separations also agree with Xu10's results. Nevertheless, the SSFR FUV in different mass bins is still worth investigating, since the galaxies with high SSFR FUV may fall in the same mass bin and change the total SSFRs distribution severely. Indeed we find the SSFRs for paired galaxies show a slight decrease as the mass of galaxies increases, unlike Xu10's Figure 5 with almost constant SSFRs. One may argue that in more massive bins, the old stellar contribution becomes smaller and the trend may be due to using a constant η. However, this trend still exists even if we reduce the contribution of the oldstellar population η to 9% for the two bins with higher mass. This trend is caused by the decreasing UV contribution as the mass increases, implying that at the low-mass end the UV contribution is quite important and should not be ignored, although in this work the trend is weak and does not affect the calculation of cosmic star formation density.
Summary and conclusion
We presented FUV and NUV photometry results for a local sample of paired galaxies. By combining the UV and IR data, we investigated the dust attenuation and SFRs in merging spirals and There is only one galaxy with SEP>1 in the second mass bin. Right: Similar to left, but divided into UV (small symbols) and dust parts (large symbols). Table 7 . Average A FUV and SSFRs for different subsamples of galaxies, where the number in the bracket indicates the number of galaxies in each subsample.
Control (35) pair (35) S in S-S(26) S in S-E(9) S in S-S Primary(13) Secondary(13) Sep>1 (17) Sep>1 ( 
Notes.
( * ) The sample size is small (nine galaxies) so the test results may be biased.
in a control sample of isolated galaxies. Dust attenuation is calculated using UV and IR fluxes and then compared between the pair and control samples. The SFRs indicated by UV are compared with SFRs indicated by IR, and then the UV and IR parts of SFRs are combined to give the total SFRs and SSFRs to study the enhancement of star formation activity in paired galaxies. The results are compared to Xu10's results, which are based on IR images. We also studied the difference in dust attenuation and SSFRs between spiral galaxies in S-S pairs and S-E pairs, between primaries and secondaries, and between paired galaxies with normalized separations SEP greater than 1 and those with SEP less than 1. The KS test result, the mean A FUV and SSFRs in each group are summarized in Tables 7 and 8 . We come to the following conclusions 1. Dust attenuation in paired and control galaxies shows different distributions. Paired galaxies tend to have heavier dust attenuation than isolated ones.
2. The enhancement of dust attenuation depends on the morphology of paired galaxies: spirals in S-S pairs have higher dust attenuation than control galaxies but spirals in S-E pairs do not. The enhancement of dust attenuation for spirals in S-S pairs increases with stellar mass. 3. No systematic difference in dust attenuation is found between primaries and secondaries. Dust attenuation in galaxies with SEP greater than one and those with SEP less than one in S-S pairs do not show significant difference. However, unlike in pairs with SEP less than one, dust attenuation in pairs with SEP greater than one increases with stellar mass. 4. Our investigation of total SSFRs in paired galaxies confirms Xu10's IR data-only results. The reason is that in our galaxies, the dust obscured SSFRs dominate the total SSFRs at an average level. However, by including SSFRs indicated by UV, we find that SSFRs in paired galaxies also show a decreasing trend as stellar mass increases. 5. Including the SSFR FUV affects the less massive galaxies most. Nevertheless, this inclusion hardly changes the con- tribution of paired galaxies to the cosmic SFR in the local universe. 6. Paired galaxies show a stronger concentration of IR emission and dust attenuation in their nuclear regions than control galaxies do, which is evidence of merger-induced starbursts. 7. In the IRX-β diagram (Figure 10 ), paired galaxies show larger scatter than control galaxies. The nuclear regions of paired galaxies are located in a similar region to ULIRGs.
Our future work will focus on the spatial symmetry of UV and IR images, as well as on the spectral energy distribution of these galaxies. With the data release of Herschel, submillimeter bands and a larger sample of paired galaxies will be available for further investigation. 
